A new molecularly imprinted mesoporous material (MIM) containing specific pockets for the extraction of diethyl phthalate (DEP) as copper complex has been prepared for the first time. The mesoporous material was developed by utilizing copper-phthalate complex (Cu-DEP) as the template molecule, 3-aminopropyltriethoxysilane (APS) as a functional monomer and tetraethoxyorthosilicate (TEOS) as the silica source for polymer network formation. The mesoporous material showed fast uptake kinetics, and equilibrium was obtained within 30 min due to the introduction of copper, which provides an additional site for interaction with the functional monomer. Synthesized polymer was well characterized using UV-Vis spectrophotometry, IR spectroscopy, TGA studies, and TEM. To achieve efficient extraction of the template molecule, various factors including sorption kinetics, quantity of MIM, time required for equilibrium setup, sorption isotherm and reuse of MIM were optimized. The extracted DEP samples were analyzed quantitatively at 310 nm using an HPLC-DA system. The prepared material is robust and can be reused. In addition, it was found to be selective for DEP as compared to other phthalates.
Introduction
Diethyl phthalate (DEP) and its analogous synthetic-plasticizers are employed mainly as plasticizer, diluent, solvent and fragrant agents in industrial applications. In view of their large volume consumption for developing plastic goods, it would be correct to call them ubiquitous environmental pollutants because they have been found to be carcinogenic xenoestrogens due to their structural resemblance to natural hormones.
Therefore, development of some selective and sensitive methods is of utmost importance for the analysis of such carcinogenic moieties as they interfere with the functioning of the endocrine system and show adverse effects on the human health. [1] [2] [3] In the past, molecularly imprinted polymers have proven to be very efficient sorbents for the determination of di(2-ethylhexyl) phthalate, diisononyl phthalate, dimethyl phthalate, dipentyl phthalate, monobutyl phthalate and dibutyl phthalate from environmental samples. [4] [5] [6] [7] [8] [9] [10] Molecular imprinting is based upon creating recognition pockets with some specific functionality within a polymer for the selective sorption of a particular molecule. [11] [12] [13] The ease of use, cost efficiency and chemical and mechanical stability make molecular imprinting a breakthrough in the field of sensors, [14] [15] enantiomeric separations, 16 catalysis, 17 and bio-medical and analytical applications for the analysis of various toxins. [18] [19] [20] [21] [22] Still, some limitations prevail like heterogeneous distribution of the binding sites, poor site accessibility, low capacity and selectivity. Among the considerable efforts made to overcome these problems, one method is reported by Chang et al. 23 that involves the development of mesoporous silica materials for the determination of diethylstilbestrol. The mesoporous material possesses a rigid structure and shows mechanical and chemical stability. In addition, high pore volume and nano-sized pore wall thickness guarantee the generation of sites near to the surface and hence offer high accessibility. [24] [25] [26] Keeping various advantages in mind, molecularly imprinted mesoporous silica particles have been constructed for the determination of diethyl phthalate in the present work. The main focus of our newly designed molecularly imprinted mesoporous material (MIM) was to achieve the strong interactions with the template and the functional monomer. Therefore, the target molecule DEP has been modified using copper ion, which coordinates with the target and provides an additional site to interact with the chosen functional monomer. The use of copper-DEP complex as a template provides an extra advantage to remove the interferences covered by organic moieties observed at lower wavelength in UV detection. In addition, complete removal of the template has been achieved due to visible change in the color of MIM before and after extraction of the template, which in turn prevents the bleeding of the template during analysis. To the best of our knowledge, it is the first method in which metal-phthalate complexation is employed for the determination of phthalate and proved to be better in terms of uptake of the template on the sorbent.
Experimental

Reagents and chemicals
All the reagents were of analytical or HPLC grade and water used in all the experiments was triple distilled.
DEP, n-butylbenzyl phthalate (nBBP), n-dipropyl phthalate (nDPP) and n-dibutyl phthalate (nDBP), CuCl2 (anhydrous), hexadecyltrimethylammonium bromide (CTAB), 3-aminopropyltriethoxysilane (APS) and aqueous ammonia solution (concentrated) was purchased from Acros Organics, USA. Acetic acid, hexane, isopropyl alcohol, acetonitrile and methanol were from Merck, India. Tetraethylorthosilicate (TEOS) was purchased from Aldrich, Germany. A 100 mL stock of 1000 μg mL -1 template solution was prepared in acetonitrile (ACN) and diluted to the desired concentration.
Instrumentation
Infrared spectra were regularly obtained by a Perkin Elmer RX/FT-IR spectrophotometer. All the factors were optimized by recording UV spectra on a JASCO V-530 UV/VIS Spectrophotometer.
DSC Q20 was used to obtain thermogravimetric analysis (TGA). C, H, N and S analyses were obtained on a Flash 2000 organic elemental analyzer. HPLC analysis was carried out with an HPLC system equipped with a Waters 515 pump, pump control module II PC2, Waters 2996 UV-Vis photodiode array detector and Waters C18 column (4.6 × 250 mm). The Brunauer-Emmett-Teller (BET) surface area was estimated using NOVA 2000e BET surface area analyzer (Quantachrome, USA).
Prior to BET analysis, degassing of the samples was done at 150 C for 2 h.
Synthesis of molecularly imprinted polymer and non-imprinted polymer
A 3.00 mL (15.16 mmol) of DEP and 1.02 g (7.50 mmol) of copper chloride (anhydrous) was dissolved in 10 mL of ACN in a flask and heated for half an hour to complete the complexation. Then, 3.53 mL of 3-aminopropyltriethoxysilane (15.16 mmol) was added to the reaction medium, which turned the solution to blue indicating the formation of the desired template-monomer complex. In a round bottom flask, 1.00 g (2.74 mmol) of CTAB was dissolved in 480 mL of distilled water and 3.50 mL of 2 M NaOH was added dropwise. In a second round bottom flask, 5 mL (26.10 mmol) of TEOS was added to the template solution prepared in the first step. The contents of two flasks were mixed with constant stirring at 60 C on a water bath for about 3 h. A blue colored polymer was obtained, which was filtered and dried.
The particles formed were treated with a mixture of 10 mL HCl and 200 mL of methanol to remove CTAB and the template from the particles. The process was repeated until the blue coloration of the polymer faded away. The removal of the template was also confirmed by adding NH3 solution to a small portion of collected particles. Absence of the blue color in the filtrate confirmed the complete removal of the template. After extracting the template and CTAB from the MIM, white colored particles were obtained, which were completely dried and stored. Non-imprinted polymer was prepared using the same procedure excluding the addition of the template. The mesoporous silica particles and non-imprinted silica particles were characterized by TEM, IR, UV and thermogravimetric analyses.
Optimization of sorption parameters
The complex formation between copper and phthalate was confirmed by recording UV-Vis spectra for phthalate (50 μg mL -1 ) and its copper complex solution. The λmax for the copper-phthalate complex was selected and further used for the optimization of various parameters. All the optimizations were done by recording absorbance of the original solution and the filtrate obtained after sorption of the complex on MIM.
Rebinding test
The ability of imprinted silica to recognize the template was investigated. A 50 mg of mesoporous silica particles was added to 100 μg of template solution and total volume of 5 mL was achieved by adding ACN. The solution was stirred for 30 min and particles were filtered off. The filtrate was used to record UV-Vis spectrum. The amount of template adsorbed by the polymer was determined by calculating the residual analyte in the filtrate. The experiment was repeated for the non-imprinted mesoporous silica material to investigate its binding capacity for the template.
Sorption kinetics
Binding kinetics of DEP imprinted mesoporous silica particles were evaluated by taking eight separate flasks containing 50 mg of silica particles. To each flask, 5 mL of template solution was added. The contents of the flasks were kept at room temperature for 15, 30, 60, 120, 180, 240, 300 and 360 min, respectively. Subsequently, mixtures were filtered and the filtrate was analyzed by UV-vis spectrophotometer.
Adsorption isotherm
Template standard solutions with varying concentrations in a range of 1 -100 μg mL -1 were prepared in ACN. For the equilibrium rebinding test, 50 mg of MIM was added into 5 mL of template solution in a glass vial. The obtained mixture was incubated at 20 C for 12 h. The suspension was filtered, after which the filtrate was analyzed by UV-Vis spectrophotometer to obtain the concentration of the free template in the solution.
Adsorption selectivity
About 50 mg of MIM was stirred for 30 min in 5 mL each of 50 μg mL -1 copper complexes of DEP, nBBP, nDPP and nDBP in ACN. The solutions were filtered, and the filtrate of each flask was observed by UV-Vis spectrophotometer for absorbance.
Regeneration and reuse of silica particles
In a flask, 50 mg of silica particles were stirred with 50 μg mL -1 of template solution for 30 min. The solution was then filtered and absorbance of the filtrate was recorded. Silica particles used were extracted and again used in a similar manner as mentioned earlier. Silica particles were reused five times and observed by recording UV-Vis spectrum.
Chromatographic studies
A sample for HPLC analysis was prepared by stirring 50 mg of MIM with 5 mL of Cu-DEP solution of different concentrations (5, 10, 20, 30 , 40 μg mL -1 ) for 30 min so as to adsorb phthalate as Cu-DEP complex. MIM with the template was then stirred with 2 mL of acetonitrile solvent to extract template from the MIM and filtered, then 20 μL of the filtered solution was injected into the HPLC-DA injection port. The samples were eluted by using acetonitrile: water (70:30) as the mobile phase at a flow rate of 0.5 mL min -1 and detected at 310 nm.
Validation of method
Validation of the method was checked by spiking different concentrations of DEP in tap water with the subsequent formation of copper-phthalate complex. The complex was found to be partially soluble in the water; therefore 0.1 mL of hexadecyltrimethylammonium bromide (surfactant) was added to achieve a clear solution. The amount of DEP was determined by following the above described procedure.
Results and Discussion
Synthesis
So far, DEP imprinted polymers have been prepared by the classical imprinting technique in which the distribution of sites is neither homogenous nor near the surface, which account for the slow and non-uniform uptake of the template. Hence, we used another technique by preparing mesoporous silica particles for extracting DEP, and these two limitations were eradicated to a large extent. If DEP is used as a template, the expected interaction between monomer and DEP is solely an H-bond interaction. To enhance the interactions between the template and monomer, it is better to introduce a site capable of developing strong interactions with the monomer. Extra interaction was achieved in the present method by adding copper to the target for creating an active center in the molecule, which coordinates with the functional monomer through Cu-NH2 bond formation.
Introduction of copper makes the method advantageous due to fast uptake, less chance of interference and confirmation of complete removal of the template with the naked eye. The two steps followed during the synthesis of MIM were (i) formation of template-monomer complex and (ii) polymerization of contents to form imprinted silica mesoporous microspheres. The template-monomer complex was prepared by adding anhydrous copper chloride and DEP in a ratio of 1:2 followed by the addition of 3-APS in ACN (Scheme 1). During this step, DEP is coordinated to copper by donor-acceptor interactions in a 2:1 ratio to form a tetracoordinated copper-DEP complex. The complex with two vacant sites on the copper is used as a template because it provides additional bond formation with the functional monomer i.e. 3-aminopropylytriethoxysilane through-NH2 groups to form a monomer-template complex. In the second step, the template-monomer complex was polymerized using TEOS as a cross-linker to form imprinted silica particles (Scheme 2).
To form microspheres, CTAB was added to TEOS (silica source) and copper-DEP template dropwise in the presence of an aqueous base, which resulted in the formation of micelles and lead to the formation of greenish blue colored precipitates. The surfactant and template were removed by stirring with concentrated HCl for 3 h until the complete removal of the template molecule was observed by a color change of the MIM from blue to pure white. It was also confirmed by concentrated ammonia solution, which gave a blue coloration in the presence of the template.
The mesoporous silica particles were characterized at both stages, i.e. with and without template, using FT-IR spectra as KBr pellets to determine the presence of functional groups on silica particles. The FT-IR spectrum of mesoporous silica particles with the template showed major peaks at 3436, 3332 and 1445 cm -1 due to -NH stretching and bending, respectively, of the primary amine group present in the functional monomer. In addition, a strong peak at 1720 cm -1 is attributed to the stretching of C=O of phthalate, which confirms the attachment of copper-DEP complex in polymeric material. The FT-IR spectrum of mesoporous silica particles without template, i.e. after extraction, showed disappearance of the major peaks, confirming the extraction of the template molecule. Along with a broad band present at 3277 cm -1 due to formation of -NH3 + group, a broad band at 1020 cm -1 was observed, which confirms the formation of a polymeric network due to Si-O bond formation.
Thermogravimetric analysis of both polymers was found to be different.
Both the polymers MIM and non-imprinted mesoporous material (NIM) were found to be stable up to 200 C. TGA of MIM with the template showed two steps 170 -200 C and 200 -280 C due to the loss of the functional monomer unit and the template, respectively. On the other hand, extracted MIM showed only one step due to the loss of the functional monomer at 200 C.
The morphology of the MIM produced by this method was assessed by TEM micrographs. TEM images for MIM after the removal of the template are shown in Fig. 1 . It shows a typical image for the prepared MIMs. The shape of the particles is close to spherical with average size of about 15 -20 nm. The BET surface area of the sample was found to be 325.14 m 2 /g.
Sorption studies
UV-Vis spectra of diethyl phthalate and copper-DEP complex were recorded in acetonitrile. The maximum absorbance for phthalate solution was found to be at 272 nm, whereas its complex with copper showed two absorbance maxima at 257 and 310 nm. Among the two maxima, 310 nm was selected for the optimization of various parameters. The interaction of copper and phthalate was also studied spectrophotometrically by varying the ratio of copper and phthalate. The absorbance at 310 nm was found to reach a maximum when the ratio of copper-phthalate was 1:2 and thereafter, it remained constant with increasing phthalate concentration. Therefore, the template solution was prepared at a 1:2 ratio (complete procedures for sorption studies are given in the Supporting Information). The linearity in absorbance of copper-phthalate complex was found in the range 0.25 -500 μg mL -1 . The absorbance studies showed negligible sorption of the template on the non-imprinted mesoporous silica surface. It also illustrated the poor binding capacity of NIM due to the absence of specific pockets for the modified template. To study the binding kinetics of DEP imprinted mesoporous silica particles, the amount of template bound on the polymers could be calculated by using the following formula.
Where Q is the amount of substrate bound to the polymer (mg g -1 ), V represents the volume of solution (L), Ci the initial concentration (mg L -1 ), Cf the solution concentration after adsorption (mg L -1 ) and m the quantity of MIM and NIM used (g). Figure 2 illustrates the sorption kinetics of DEP solution onto DEP-MIM. The results showed that the MIM had fast uptake kinetics and binding equilibrium was almost reached within 30 min and the curve is almost flat afterwards. By taking structures of the template and MIM into account, two types of interactions are expected between MIM and the template; template-monomer through Cu-NH2 coordinate bond formation and via hydrogen bond formation between phthalate and the -NH2 group. Maximum sorption of the template was reached in the first 30 min, thereafter, negligible change in the sorption was observed. The fast uptake of the template may be attributed to the more facile template-monomer interactions through the Cu-NH2 bond, which takes place in the first 30 min and then, equilibrium is achieved. The linear regression equation for the plot between t/qt (qt = amount of substrate bound to the polymer at time t) and t is found to be 0.3145x -0.3071 (r 2 = 0.9999); therefore, it is believed to show second order kinetics.
A Scatchard plot was constructed by varying the amounts of DEP (Fig. 3 ) in a range of 1 -100 μg mL -1 . It was observed that sorption of the template increases with an increase in the concentration of the template. The curve in Fig. 3A was linear up to 80 μg mL -1 and afterwards it showed deviation from the linearity, which revealed a decrease in the binding sites for sorption. The linear regression equation was calculated and was found to be 0.021x + 0.308 (r 2 = 0.9847). The sorption is expected to be a donor-acceptor interaction between the copper and -NH2 group of functional monomers as only one donor is present in the monomer. But, the Scatchard plot revealed two types of interactions between the functional monomer and template. Therefore, a second interaction may be a hydrogen bond interaction between the -NH2 group and lone pairs of ethoxy group of phthalate. The linear regression equations for two regions were found to be -0.043x + 0.0687 (r 2 = 0.9973) and -0.0091x + 0.0413 (r 2 = 0.8798). When MIM was used for the extraction of different phthalates, it showed high selectivity towards DEP as compared nBBP, nDPP and nDBP (Fig. 4) .
To check the reusability of MIM, it was first used for the sorption of Cu-DEP complex and then the template was removed. This process was repeated five times. The method used for regeneration of the sample was the same, as was that used to remove the template molecule in the synthesis process. The standard deviation of results was found to be ± 0.022, which revealed the reproducibility of results obtained in the sorption of the template every time. This shows that MIM is robust and can be reused several times.
A chromatogram for 10 μg mL -1 of template is given above (Fig. 5) . It showed two peaks at retention times 3.68 and 4.28 min at 310 nm. The analysis of chromatograms at different wavelengths showed that the peak at retention time 3.68 min was intense at lower wavelengths and intensity decreases with an increase in wavelength. On the other hand, the peak at 4.28 min was very weak at lower wavelengths and increased at 310 nm. Therefore, the peak at retention time 3.68 min may be attributed to the un-reacted phthalate or free phthalate whereas the peak at a retention time of 4.28 min is assigned to Cu-DEP complex. Although the absorbance of diethyl phthalate in UV-Vis spectrum was negligible at 310 nm, it was detected in the HPLC-DA system due to high sensitivity of the detector. The free phthalate might have interacted through hydrogen bond formation with the MIM. Validation parameters for HPLC analysis are given in Table 1 . The recovery of samples spiked in tap water was found to be above 80%.
Conclusions
Molecularly imprinted silica microspheres were synthesized using Cu-DEP (template), APS (functional monomer) and TEOS (polymeric network). The modification of DEP into its copper complex to enhance the template monomer interaction was successful. MIM with specific pockets was found to be stable up to 200 C. It showed fast uptake kinetics for the template and follows the second order kinetic model. The partition coefficient was found to be 0.7637 using K = Cp/Cs (where Cp was the amount of template bound by MIM and Cs the amount of template remaining in the solution). The method was found to be valid in the range 0.3 to 40 μg mL -1 . The results obtained by this method are as good and comparable to reported methods, so it may be viable alternative to existing methods. 
